The conserved membrane-associated tegument protein pUL11 and envelope glycoprotein M (gM) are involved in secondary envelopment of herpesvirus nucleocapsids in the cytoplasm. Although deletion of either gene had only moderate effects on replication of the related alphaherpesviruses herpes simplex virus type 1 (HSV-1) and pseudorabies virus (PrV) in cell culture, simultaneous deletion of both genes resulted in a severe impairment in virion morphogenesis of PrV coinciding with the formation of huge inclusions in the cytoplasm containing nucleocapsids embedded in tegument (M. Kopp, H. Granzow, W. Fuchs, B. G. Klupp, and T. C. Mettenleiter, J. Virol. 78:3024-3034, 2004).
The structure of the herpesvirus virion is highly complex. The core which contains the double-stranded DNA genome is enclosed in an icosahedral capsid shell. The nucleocapsid is embedded in a proteinaceous tegument which is surrounded by a cell-derived lipid bilayer envelope containing virally encoded (glyco)proteins (51) . Tegument and envelope each comprise more than 10 different virally encoded proteins (57) . Although the composition of tegument and envelope has been studied in some detail (19, 45, 46, 59, 60) , the molecular processes underlying their assembly are still under investigation. Final tegumentation and envelopment start after intranuclear nucleocapsids gain access to the cytoplasm by budding at the inner nuclear membrane, thereby acquiring a primary envelope, and subsequent fusion of the primary envelope with the outer nuclear membrane. Although the tegument has long been considered unstructured, it appears to be composed of several layers, and tegument proteins have tentatively been divided into capsid-proximal (inner) or envelope-proximal (outer) components (43, 44) . Tegument-coated nucleocapsids bud into vesicles presumably derived from the trans-Golgi network (TGN) which contain viral glycoproteins and outer tegument proteins, resulting in a mature virion located in a transport vesicle. After fusion of the transport vesicle with the plasma membrane, virions are released into the extracellular space. Evidence from different alpha-, beta-, and gammaherpesviruses suggests that this fundamental pathway is conserved throughout the Herpesviridae (reviewed in reference 42). Although tegument and glycoprotein compositions in the envelope vary widely between the different herpesvirus subfamilies, and also even within subfamilies, several tegument and envelope proteins are conserved, indicating that these proteins might be key players in virion assembly. Among these proteins are the homologs of the UL10 (gM) and UL11 gene products of herpes simplex virus type 1 (HSV-1).
HSV-1 pUL11 is a small, myristoylated, and palmitoylated tegument protein which was shown to be located at membranes, preferentially the TGN (2, 30) . As predicted by amino acid sequence analysis, myristoylation and palmitoylation are conserved in the pUL11 homologs and are required for their targeting to membranes (52, 53, 54) . Also, pUL11 was reported to associate with pUL16 in HSV-1 and pseudorabies virus (PrV) (31) , and it has been suggested that pUL11 could be involved in recruiting viral proteins to the site of virus assembly at the TGN. In line with this hypothesis, deletion of pUL11 homologs resulted in impairment of secondary envelopment in HSV-1, PrV, and human cytomegalovirus (HCMV) (2, 14, 23, 56, 57) . However, in PrV and HSV-1 the absence of pUL11 reduced titers only approximately 10-fold, whereas the homol-ogous ppUL28 (pUL99) in HCMV is essential for viral replication (55, 56) , which may be indicative of functional differences between these proteins.
HSV-1 mutants lacking pUL11 have been analyzed ultrastructurally in two studies with different results. Baines and Roizman (1) reported that, in the absence of pUL11, capsids accumulated at the inner nuclear membrane, while in a more recent study Fulmer et al. (14) reported the presence of large amounts of nonenveloped cytoplasmic nucleocapsids with no detectable defect in nuclear egress. The latter results are similar to those observed for pUL11-deficient PrV (23) . Thus, a clear picture on the role of pUL11 in the different viruses is still lacking.
Glycoprotein M (gM) is a conserved type III integral membrane protein with multiple transmembrane domains. It forms a complex with the product of the conserved UL49.5 gene, which is glycosylated in several herpesviruses, including PrV, and designated as gN (18, 25, 28, 33) . Transgenic expression of gM of HSV-1 and PrV was found to alter cellular membrane trafficking, causing relocalization of membrane proteins from the cell surface to the TGN (8, 20) . Thus, gM may be involved in retaining viral glycoproteins at the TGN or retrieving them from the plasma membrane and moving them to the TGN, thereby supporting virion maturation at the budding site. Moreover, PrV gM interacts via its cytoplasmic tail with the major tegument protein pUL49 (12) . Interestingly, in the mammalian alphaherpesviruses HSV-1, PrV, and equine herpesvirus 1 (EHV-1) deletion of gM only slightly affected replication (6, 10, 35, 49) , whereas the gM homologs of Marek's disease virus, HCMV, Epstein-Barr virus (EBV), EHV-4, and murine gammaherpesvirus 68 are required for efficient virus replication in cell culture (17, 29, 36, 58, 61) , indicating differing requirements within the Herpesviridae also for this protein.
Since it is known that herpesvirus proteins may function in a redundant fashion, deletion mutants lacking two or more proteins have been isolated. PrV triple mutants lacking gM and the likewise nonessential complex of gE and gI (gE/gI) (4) or gM and only the C-terminal part of gE (5) were strongly inhibited in secondary envelopment, producing large intracytoplasmic accumulations of nonenveloped nucleocapsids associated with tegument proteins. In contrast, the absence of gM in gE/gI-deleted HSV-1 did not result in a similar phenotype (6) . Instead, comparable intracytoplasmic aggregations of tegument proteins and capsids were observed in cells infected with an HSV-1 mutant simultaneously lacking gD and gE/gI (11) . We also demonstrated that the presence of either pUL11 or gM is crucial for secondary envelopment of PrV (24) . Simultaneous deletion of pUL11 and gM drastically impaired virion maturation, resulting in the formation of huge intracytoplasmic inclusions containing capsids and tegument, while the single gene deletion mutants showed only moderate defects in cell culture (24) . In light of the differences observed in PrV and HSV-1 mutants simultaneously lacking gM and gE/gI and considering the similarity in phenotypes between PrV lacking gM/gE/gI and PrV lacking pUL11/gM, we wanted to analyze HSV-1 mutants lacking pUL11 and/or gM for their phenotype in virion morphogenesis.
Here, we report the construction of HSV-1 pUL11 and gM single and double deletion mutants based on a newly established infectious clone of HSV-1 strain KOS. Quantitative analyses of in vitro replication properties and ultrastructural investigations of virion morphogenesis were performed in different cell lines, including cells which provided pUL11 of HSV-1 or PrV in trans. These studies continue our recently started attempt to determine the functional homology or divergence of gene products conserved between PrV and HSV-1 (26) .
MATERIALS AND METHODS

Cells and viruses.
All virus mutants were derived from HSV-1 strain KOS (HSV-1 KOS; kindly provided by P. Spear, Chicago, IL). Viruses were grown on African green monkey (Vero) or rabbit kidney (RK13) cells in minimum essential medium supplemented with 5% or 10% fetal calf serum, respectively. Generation of an RK13 cell line expressing PrV pUL11 has been described previously (23) . An HSV-1 pUL11-expressing cell line was isolated after transfection of Vero cells with plasmid pcDNA-HUL11 (see below) using FuGene HD transfection reagent (Roche, Mannheim, Germany). After 48 h the transfected cells were trypsinized and seeded into microtiter plates with medium containing 500 g of Geneticin (Invitrogen, Karlsruhe, Germany) per ml. Resistant cell colonies were tested for complementation of HSV-1⌬UL11 (see below). One positive cell clone, designated Vero-UL11(HSV-1), was further used.
Construction of HSV-1 UL10 and UL11 expression plasmids.
The complete open reading frames (ORFs) UL10 and UL11 ( Fig. 1A) were PCR amplified from HSV-1 KOS DNA using Pfx DNA polymerase (Invitrogen) and primers deduced from the genome sequence of HSV-1 strain 17 (37) (GenBank accession no. X14112). In primers HUL10For1 (5Ј-CACAGAATTCATGGGACGCCCG-3Ј, nucleotides [nt] 23204 to 23315), HUL10Rev (5Ј-CACAGCGGCCGCCGG TCGGGTTAAACA-3Ј, complementary to nt 24656 to 24670), HUL11For1 (5Ј-CACAGAATTCCCTGATCATTACCCCCG-3Ј, complementary to nt 25168 to 25185), and HUL11Rev (5Ј-CACAGCGGCCGCTATACAGAACATTGTTTT G-3Ј, nt 24778 to 24796), EcoRI and NotI sites (underlined) were introduced for convenient cloning. The UL10 start codon is shown in bold. After cleavage the amplification products were inserted into the EcoRI/NotI-digested eukaryotic expression vector pcDNA3 (Invitrogen), giving rise to pcDNA-HUL10 and pcDNA-HUL11 ( Fig. 1B and C) . For prokaryotic expression, the 3Ј part of UL10 was amplified by PCR using primers HUL10For2 (5Ј-CACAGAATTCAAGCG CGTACGCAG-3Ј, nt 24312 to 24327) and HUL10Rev, and UL11 was amplified with primers HUL11For2 (5Ј-CACAGAATTCATGGGCCTCTCGTTCTCC-3Ј, complementary to nt 25074 to 25091) and HUL11Rev. Both PCR products were digested with EcoRI and NotI and cloned into the appropriately cleaved vector pGEX-4-T1 (GE Healthcare, Freiburg, Germany).
Generation of HSV-1 gM-and pUL11-monospecific antisera. After transformation of Escherichia coli DH5␣ with pGEX-HUL10c and pGEX-HUL11 ( Fig.  1B and C), expression of the glutathione S-transferase (GST) fusion proteins was induced by IPTG (isopropyl-␤-D-thiogalactopyranoside) according to the manufacturer's protocol. The approximately 38-kDa GST-HUL10c and 37-kDa GST-HUL11 fusion proteins were eluted from sodium dodecyl sulfate (SDS)-10% polyacrylamide gels and used for immunization of rabbits as described previously (21) . Sera obtained after the third immunization were used throughout this study. A monospecific rabbit antiserum against HSV-1 pUL48 was similarly prepared and will be described elsewhere.
Generation of BAC pHSV-1⌬gJ. For cloning of the HSV-1 KOS genome as a bacterial artificial chromosome (BAC), an expression cassette encoding enhanced green fluorescent protein (EGFP) and a mini-F plasmid vector was inserted at the nonessential gJ gene locus ( Fig. 1D ). To this end, the multiple cloning site between the HCMV immediate-early promoter and the EGFP ORF of pEGFP-N1 (Clontech) was removed by double digestion with BamHI and BglII and religation. Then, the modified expression cassette was recloned as an AseI/AflII fragment after Klenow treatment into the SmaI-digested vector pBluescript SK(Ϫ) (Stratagene). To facilitate subsequent cloning, a second BamHI site was created by cleavage of the obtained plasmid pBl-GFP with XhoI, Klenow treatment, and insertion of the self-annealed linker sequence CGG-GATCCCG. Furthermore, a unique PmeI site was introduced by insertion of the self-annealed linker AGCTGTTTAAAC into the HindIII-digested plasmid. The resulting construct, pBl-GFP/BP, was digested with SalI and ligated with the similarly digested mini-F plasmid pMBO131 (48) to obtain pBl-GFP/MBO/BP ( Fig. 1D ).
To remove unwanted restriction sites, pUC-BamJ, which contains a genomic BamHI fragment of HSV-1 KOS (corresponding to nt 136289 to 142746 of GenBank accession no. X14112), was cleaved with Tth111I and EcoRI and religated after Klenow treatment. The resulting plasmid, pUC-BamJET, was digested with BsiWI, and an 8,040-bp BamHI fragment of pBl-GFP/MBO/BP VOL. 83, 2009 DELETION OF gM AND pUL11 IMPAIRS MATURATION OF HSV-1 897
at BUNDESFORSCHUNGSANSTALT FUER on January 21, 2010 jvi.asm.org was inserted after blunt ending of the noncompatible 5Ј overhangs (Fig. 1D ). The obtained transfer plasmid, p⌬gJ-GFP/MBO/Pme, and HSV-1 KOS virion DNA were used for calcium phosphate-mediated cotransfection of Vero cells (15) . An EGFP-expressing HSV-1 recombinant was plaque purified from the virus progeny. Circular viral DNA was prepared from infected cells and used for electroshock transformation of E. coli strain DH10B as described previously (13) . Bacteria carrying BACs were selected on agar plates containing 30 g chloramphenicol per ml, and full-length clones of the HSV-1 genome were identified by restriction analyses of the BAC DNA and Southern blotting. One clone, named pHSV-1⌬gJ, was further propagated and used for mutagenesis of UL10 and UL11.
Construction of HSV-1⌬gM. For generation of HSV-1⌬gM, plasmid pcDNA-HUL10 ( Fig. 1B ) was digested with BstXI and religated to remove an unwanted SacII site, resulting in plasmid pcDNA-HUL10B. The kanamycin resistance gene was amplified by PCR from pACYC177 (New England Biolabs, Frankfurt, Germany) using primers KAN950For (5Ј-TCCGGATCCCGATTTATTCAACAAA GCCACG-3Ј) and KAN950Rev (5Ј-TTCGAATTCGCCAGTGTTACAACCA ATTAA-3Ј) and inserted into SacII-cleaved pcDNA-HUL10B, thereby deleting 625 bp corresponding to codons 234 to 442 of UL10 (Fig. 1B) . The complete insert of pcDNA-HUL10K was amplified by PCR with T7 and SP6 primers (New England Biolabs) and Pfx DNA polymerase. The 1.3-kbp product was used for mutagenesis of the BAC clone pHSV1-⌬gJ in E. coli as described earlier (23) . Briefly, bacteria containing pHSV1-⌬gJ were transformed with helper plasmid pKD46, which carries the Red recombinase of bacteriophage lambda under the control of an arabinose-inducible promoter (9) . After induction, the cells were transformed by electroshock with the pcDNA-HUL10K PCR product, and recombinant clones were selected on agar plates containing 30 g chloramphenicol and 50 g kanamycin per ml. For efficient removal of the mini-F plasmid vector and the adjacent EGFP expression cassette from the gJ locus, BAC DNA was linearized by digestion at the unique, artificially introduced PmeI site and used for cotransfection of Vero cells together with plasmid pUC-BamJET, which contains the authentic gJ gene of HSV-1 KOS (Fig. 1A) . Homologous recombination between this plasmid and the cleaved BAC DNA repairs the discontinuity of the viral genome, resulting in a high proportion of gJ rescuants. The desired recombinant HSV-1⌬gM was isolated from nonfluorescent progeny virus plaques.
Generation of HSV-1⌬UL11. The UL11 ORF was mutagenized with the synthetic oligonucleotide HUL11-MUT (5Ј-GGGTCCCGGAGAACGActaGCCC AgAGCTCGGCGA GCGTGTC-3Ј), which corresponds to nt 25067 to 25108 of the HSV-1 genome but contains four base exchanges (shown in lowercase) to mutate the UL11 start codon, to generate a stop codon at amino acid position 3, and to introduce a SacI marker site (underlined; Fig. 1C ). For site-directed mutagenesis (27) , uracil-containing single-stranded DNA of pcDNA-HUL11 was prepared after transformation of the dUTPase and uracil-DNA-glycosylase-negative E. coli strain BW313 and infection with f1 helper phage R408 (Stratagene) according to the distributor's protocol. After hybridization with primer HUL11-MUT, the second DNA strand was completed in vitro using Klenow polymerase and T4 DNA ligase, and E. coli XL1Blue MRFЈ (Stratagene) was transformed. In pcDNA-HUL10K part of UL10 was replaced by a kanamycin resistance gene (KanR), and the PCR product obtained with P T7 -and P SP6 -specific primers was used for construction of gM deletion mutants. For preparation of a monospecific rabbit antiserum, the C terminus of gM was expressed as a bacterial fusion protein with GST from pGEX-HUL10. (C) Corresponding prokaryotic and eukaryotic expression plasmids were also generated for the complete UL11 gene (pGEX-HUL11 and pcDNA-HUL11). Deletion plasmid pcDNA-HUL11KF permitted removal of the KanR gene using flanking FRTs and introduction of a mutated start codon (CTG) as well as an artificial stop codon (TAG) to prevent expression of the 5Ј part of UL11. (D) The genome of HSV-1 strain KOS was cloned as a BAC after insertion of a mini-F plasmid vector (pMBO131), together with an expression cassette for EGFP at the nonessential US5 gene encoding gJ. Artificial BamHI and PmeI restriction sites (shown in italic) were created to facilitate cloning and mutagenesis.
By double digestion of the resulting plasmid pcDNA-HUL11MUT with EcoRV and SgrAI, 113 bp representing UL11 codons 38 to 75 (Fig. 1C ) was removed and, after Klenow polymerase treatment, replaced by a 1,258-bp BstBI fragment of pKD13 (9) , which contains a kanamycin resistance gene flanked by flp recombinase recognition target (FRT) sites, giving rise to plasmid pcDNA-HUL11KF (Fig. 1C) . The 1.6-kbp insert of pcDNA-HUL11KF was amplified by PCR with vector-specific T7 and SP6 primers, and the product was used for mutagenesis of pHSV-1⌬gJ in E. coli as described above. Subsequently, the kanamycin resistance gene was excised from pHSV-1⌬UL11 after transformation with helper plasmid pCP20 (7) expressing the FRT site-specific flp recombinase. Finally, the mini-F plasmid vector and the adjacent EGFP expression cassette were also removed from the HSV-1 genome after cotransfection of Vero cells with BAC DNA and plasmid pUC-BamJET, and mutant HSV-1⌬UL11 was isolated from nonfluorescent progeny virus plaques.
Generation of HSV-1⌬UL11/gM. To obtain HSV1-⌬UL11/gM, pHSV1-⌬UL11 was mutagenized with the 1.3-kbp PCR product of pcDNA-HUL10K as described above.
Virus purification and immunoblotting. For virus purification, Vero cells were infected with HSV-1 KOS, HSV-1⌬UL11, HSV-1⌬gM, or HSV-1⌬UL11/gM and incubated until complete cytopathic effect developed. Remaining intact cells were lysed by freezing (Ϫ70°C) and thawing (37°C), cellular debris was removed by low-speed centrifugation, and virions were sedimented by centrifugation for 1 h at 20,000 rpm (Beckman SW32 rotor) through a 40% sucrose cushion in phosphate-buffered saline. Lysates of purified virions (3 g per lane) were separated in SDS-10% or 15% polyacrylamide gels and electrotransferred onto nitrocellulose membranes (Mini-Protean II and Transblot SD cell; Bio-Rad). Blots were blocked with 5% low-fat milk in Tris-buffered saline (150 mM NaCl, 10 mM Tris-HCl [pH 8.0], 0.25% Tween 20) and incubated for 1 h with monospecific antisera against pUL11 and gM at a dilution of 1:100,000 in Tris-buffered saline-Tween. Bound antibody was detected with peroxidase-conjugated antirabbit antibodies (Dianova, Hamburg, Germany) and visualized by chemiluminescence (SuperSignal; Pierce, Bonn, Germany) recorded on X-ray films.
One-step growth analysis and plaque assays. To monitor one-step growth, Vero, Vero-UL11(HSV-1), RK13, and RK13-UL11(PrV) cells were infected with the indicated viruses at a multiplicity of infection (MOI) of 5 and incubated on ice for 1 h. Thereafter, the inoculum was replaced with prewarmed medium, and virus was allowed to penetrate for 60 min at 37°C. The remaining extracellular virus was then inactivated by low-pH treatment (40) , and incubation was continued at 37°C. After 0, 4, 12, 24, 36, 48, and 72 h cells were harvested by being scraped into the medium and lysed by freezing (Ϫ70°C) and thawing (37°C). The virus progeny was titrated on Vero cells. Average values and standard deviations were determined from three independent experiments.
For plaque assays, infected Vero, Vero-UL11(HSV-1), RK13, and RK13-UL11(PrV) cells were incubated in semisolid minimum essential medium containing 5% fetal calf serum and 6 g of methylcellulose per liter. After 3 days of incubation at 37°C, cells were fixed with 2% formaldehyde and stained with 1% crystal violet in 50% ethanol. For each combination of virus and cells, 30 plaques were measured microscopically, and the average plaque sizes and standard deviations were determined and compared to the mean size of plaques induced by HSV-1 KOS, which was set as 100%.
Electron microscopy. Vero and RK13 cells were infected with HSV-1 KOS, HSV-1⌬UL11, HSV-1⌬gM, or HSV-1⌬UL11/gM at an MOI of 1, incubated for 14 h (for HSV-1 KOS) or 24 h (for mutant viruses) at 37°C, and processed for electron microscopy as described previously (16) . Counterstained ultrathin sections were analyzed with an electron microscope (Tecnai 12; Philips, Eindhoven, The Netherlands).
RESULTS
Generation of pUL11 and gM deletion mutants of HSV-1.
All mutants analyzed in this study were generated via Redmediated mutagenesis (9) of the BAC clone pHSV-1⌬gJ in E. coli. This infectious clone contains a mini-F plasmid vector and an expression cassette encoding EGFP at the nonessential gJ gene locus of HSV-1 strain KOS (Fig. 1D ). Since the 5Ј region of UL11 encodes known functional domains (30) but overlaps with UL12 ( Fig. 1A) , construction of a complete deletion without impairing UL12 expression is difficult. Therefore, only UL11 codons 38 to 75 (of 97) were removed and replaced by an FRT site consisting of 36 bp of foreign DNA. Expression of the remaining N-terminal part of pUL11 was prevented by mutation of the UL11 initiation codon from ATG to CTG and introduction of a stop codon at the third codon position (Fig.  1C ). None of these alterations affected the deduced amino acid sequence of the overlapping UL12 gene product. The UL10 gene, which encodes gM, was mutated by deletion of codons 234 to 442 (of 474) and concomitant insertion of a kanamycin resistance gene (Fig. 1B) . A double mutant containing both deletions was also constructed. Subsequent removal of the mini-F plasmid and the EGFP expression cassette from the virus genome was facilitated by an introduced unique PmeI restriction site ( Fig. 1D ). After cotransfection of cells with PmeI-digested BAC DNA and a plasmid containing the authentic gJ gene, the majority of progeny viruses exhibited rescue of the gJ gene locus (results not shown). Correct mutations in the obtained virus recombinants HSV-1⌬UL11, HSV-1⌬gM, and HSV-1⌬UL11/gM were verified by restriction enzyme analysis and Southern blot hybridization of virion DNA, as well as by PCR amplification and DNA sequencing of the mutated genome regions (data not shown). Furthermore, purified virions were characterized by Western blotting with monospecific antisera (Fig. 2) . As expected, the 50-to 60-kDa gM was detectable only in virions of HSV-1 KOS and HSV-1⌬UL11 but not in deletion mutants HSV-1⌬gM and HSV-1⌬UL11/gM (Fig. 2, left panel) . In contrast, the 18-kDa pUL11 was found in HSV-1 KOS and HSV-1⌬gM particles but was absent from HSV-1⌬UL11 and HSV-1⌬UL11/gM (Fig. 2 , middle panel). As loading control, a parallel blot was probed with a serum specific for the tegument protein pUL48 (VP16) of HSV-1 (Fig. 2, right panel) .
In vitro growth properties of HSV-1 gM and UL11 mutants. HSV-1 pUL11 and gM have previously been shown to be nonessential for viral replication (1, 35) . Successful isolation of the novel mutants HSV-1⌬UL11, HSV-1⌬gM, and HSV-1⌬UL11/gM on noncomplementing Vero cells confirmed that none of the introduced mutations was fatal for virus replication in cell culture. To investigate the in vitro growth properties of the three mutants in more detail, replication kinetics and plaque sizes were analyzed on Vero and RK13 cells, as well as on trans-complementing cell lines.
One-step growth studies revealed that in Vero cells HSV-1⌬UL11 and HSV-1⌬gM replicated to approximately fivefoldlower final titers than did the parental strain HSV-1 KOS (Fig.  3) . Simultaneous deletion of pUL11 and gM led to a 10-fold reduction, suggesting additive effects of the mutations. On trans-complementing Vero-UL11(HSV-1) cells, growth properties of HSV-1⌬UL11 were similar to those of HSV-1 KOS and maximum titers of HSV-1⌬UL11/gM were comparable to those of HSV-1⌬gM ( Fig. 3) . Several attempts to isolate a Vero cell line constitutively expressing HSV-1 gM were unsuccessful, indicating that the protein might be deleterious for the cells. On RK13 cells the growth defects of HSV-1⌬UL11 and HSV-1⌬gM were more pronounced, since the single mutants reached only approximately 10 5 PFU per ml compared to 5 ϫ 10 7 PFU/ml for HSV-1 KOS. The double mutant again showed an additive defect resulting in maximum titers of ca. 5 ϫ 10 4 PFU/ml (Fig. 3) . The UL11-related growth defects of HSV-1⌬UL11 and HSV-1⌬UL11/gM were partially compensated on RK13 cells expressing pUL11 of PrV (Fig. 3) , indicating similar functions of these homologous proteins.
To analyze direct cell-to-cell spread of the virus mutants, Vero, Vero-UL11(HSV-1), RK13, and RK13-UL11(PrV) cells were infected under plaque assay conditions and plaque diameters were measured microscopically 3 days postinfection (p.i.). On Vero cells the plaque sizes of HSV-1⌬gM, HSV-1⌬UL11, and HSV-1⌬UL11/gM were reduced by ca. 40%, 55%, and 70%, respectively, compared to those of HSV-1 KOS (Fig. 4) . As expected, the defect caused by deletion of UL11 could be corrected on complementing Vero-UL11(HSV-1) cells, on which the plaques of HSV-1⌬UL11 were comparable to those of HSV-1 KOS, and plaque sizes of HSV-1⌬UL11/gM were restored to those of HSV-1⌬gM (Fig. 4) . These findings confirmed that pUL11 as expressed by Vero-UL11(HSV-1) is functional and that no unwanted mutations affect the phenotype of the UL11-deleted HSV-1 mutants. Paralleling the results of one-step growth analyses, the reduction in plaque size of all virus mutants was more pronounced on RK13 than on Vero cells. On RK13 cells plaques of HSV-1⌬UL11 and HSV-1⌬gM reached only 30% of the size of wild-type virus plaques ( Fig. 4 ). Plaque diameters of HSV-1⌬UL11/gM were reduced by 90%, again indicating an additive effect of the double deletion ( Fig. 4) . On RK13-UL11(PrV) cells, plaque sizes of HSV-1⌬UL11 were increased to approximately 75% of the wild-type size and plaque diameters of HSV-1⌬UL11/gM were comparable to those of HSV-1⌬gM ( Fig. 4) .
Taken together, these data demonstrate that simultaneous deletion of UL11 and gM causes additive effects on replication and direct viral cell-to-cell spread of HSV-1 which are more pronounced on RK13 than on Vero cells. Furthermore, PrV pUL11 functionally complemented the replication defect of UL11-negative HSV-1 to a significant extent. However, a reverse complementation of UL11-negative PrV by HSV-1 pUL11 was not observed (data not shown), indicating that the two proteins are functionally related but not identical.
HSV-1 gM and pUL11 are involved in secondary envelopment. The relevance of HSV-1 pUL11 and gM for virion morphogenesis was analyzed by electron microscopy of Vero and RK13 cells 14 h after infection with HSV-1 KOS and 24 h after infection with HSV-1⌬UL11, HSV-1⌬gM, or HSV-1⌬UL11/ gM. Different incubation times were used since the virus mu- tants exhibited delayed replication compared to wild-type HSV-1 KOS (Fig. 3) . In RK13 (Fig. 5A to E) and Vero (Fig. 5F to H) cells infected with HSV-1 KOS, all stages of virion morphogenesis including intranuclear capsid assembly ( Fig.  5A and F) , transit of primary enveloped nucleocapsids through the nuclear membrane ( Fig. 5B and G) , and secondary envelopment of nucleocapsids in the cytoplasm (Fig. 5C, D, and H) as well as numerous mature virions in the extracellular space ( Fig. 5A , E, and F) were observed. Infection with HSV-1⌬gM ( Fig. 6 ) and HSV-1⌬UL11 ( Fig. 7) revealed that nucleocapsid assembly and nuclear egress were not detectably affected either in RK13 (Fig. 6A and B and 7A and B) or in Vero (Fig.  6D and E and 7D and E) cells. However, compared to cells infected with HSV-1 KOS, the number of extracellular virus particles was significantly reduced (Fig. 6A and D and 7A and  D) . In HSV-1⌬gM-infected cells, viral particles present in the cytosol were mostly unenveloped nucleocapsids which formed loose aggregates ( Fig. 6C and E) , sometimes in association with electron-dense material (Fig. 6C ). After infection of cells with HSV-1⌬UL11, also mostly naked nucleocapsids were present in the cytoplasm, indicating a defect in secondary envelopment ( Fig. 7C and F) . In RK13 cells infected with the double deletion mutant HSV-1⌬UL11/gM, large intracytoplasmic inclusions were formed which consisted of nucleocapsids associated with electron-dense material, presumably tegument ( Fig. 8A and B) . These structures exhibit a striking similarity to those found in pUL11 and gM-deleted (24) and gE/I-and gM-deleted (4, 5) PrV. In Vero cells, an aggregation of nucleocapsids was also observed but without the pronounced association of electron-dense material ( Fig. 8C and E) . Nuclear egress apparently still occurred in the simultaneous absence of pUL11 and gM ( Fig. 8A and D) .
DISCUSSION
In the present study a novel BAC clone of HSV-1 strain KOS was used to create single and double deletion mutants lacking the conserved herpesvirus genes UL10 encoding gM Genome sequence analysis has revealed a core set of ca. 40 genes conserved among all members of the Herpesviridae, which are most probably inherited from a common ancestor. Most of these core gene products are involved in fundamental steps of viral replication, such as virus entry, DNA replication and packaging, or virion morphogenesis (38, 51) . However, not all of these proteins are essential for viral replication in cell culture, and especially in alphaherpesviruses, several can be deleted without drastic effects on virus growth. This led to the hypothesis that important functions might be supported by functionally redundant viral proteins (42) . In PrV simultaneous deletion either of gM and the alphaherpesvirus-specific envelope protein complex gE/gI or of gM and pUL11 resulted in a drastic impairment of secondary envelopment, while the single deletions showed only moderate effects (4, 10, 23) . In the absence either of gM and pUL11 or of gM and gE/gI, large intracytoplasmic inclusions containing nucleocapsids embedded in tegument proteins were observed (4, 24) , indicating inhibition of budding of the tegumented nucleocapsids into TGN-derived vesicles. A similar egress defect has been described for a double mutant of HSV-1 lacking gE and gD (11), whereas, unlike in PrV, an HSV-1 deletion mutant lacking gE/gI and gM did not exhibit a defect beyond those of the single mutants (6) , suggesting that in HSV-1 gD might provide the redundancy in the egress function which gM provides in PrV. However, we demonstrate here that infection of RK13 cells by HSV-1 lacking pUL11 and gM leads to aggregations of nonenveloped nucleocapsids and electron-dense material, presumably tegument, in the cytoplasm similar to those that have been observed after infection of these cells with the corresponding pUL11-and gM-deleted (24) as well as gM and gE/I-deleted (4, 5) PrV. Nucleocapsids also accumulated in Vero cells after infection with the pUL11/gM-deleted HSV-1, although the effect was more modest in these cells than in RK13 cells. Thus, simultaneous deletion of pUL11 and gM from HSV-1 and from PrV resulted in similar ultrastructural phenotypes.
The defects observed in the double mutant in one-step replication and plaque size were largely additive of the deficiencies found in the single mutants. Thus, pUL11 and gM of HSV-1 apparently participate in different steps of virion mor-phogenesis. The membrane-associated tegument protein pUL11 of HSV-1 has been demonstrated to possess intrinsic properties of targeting to Golgi membranes, since a chimera of human immunodeficiency virus type 1 Gag protein fused to the complete HSV-1 UL11 ORF was relocated to the Golgi region (3). Therefore, it seems reasonable that pUL11 might play a role in targeting tegument proteins or tegumented capsids to the TGN. This is supported by interactions of pUL11 with tegument proteins pUL16 and pUL21 of PrV and HSV-1 (22, 31) and with gD and gE of HSV-1 (11) . Taken together, the available results indicate a conserved function of pUL11 in secondary envelopment of herpesvirus particles. This is supported by the observed functional complementation of the pUL11 deficiency of the respective HSV-1 mutants by the PrV homolog, both in one-step growth and in direct cell-to-cell spread. However, reciprocal complementation of PrV pUL11 mutants by the HSV-1 homolog was not observed (data not shown), indicating that the PrV protein might possess additional functions, which cannot be executed by the homologous gene product of HSV-1. One-way complementation between homologous alphaherpesvirus proteins has also been observed with gB (41, 50) and pUL25 (26) .
Our ultrastructural analyses of the HSV-1 mutants yielded no evidence for an impairment of nuclear egress, as had been described for a previous UL11 deletion mutant of HSV-1 (1). Thus, they are in line with more recent investigations of another HSV-1 UL11 deletion mutant (14) , as well as of UL11negative PrV (23) , which revealed inhibition of virion formation in the cytoplasm but not of nuclear egress. These differences may be explained by the fact that the HSV-1 UL11 deletion mutant used in the first study was still able to express the N-terminal part including a dileucine motif, which has been reported to contribute to binding of pUL11 to pUL16 (32) . pUL16 of HSV-1 has been shown to accumulate in the nucleus (39, 47) , and binding to the truncated UL11 gene product might inhibit nuclear egress of virions. In contrast, the HSV-1 mutants described here, as well as the corresponding PrV mutants (24) , are unable to express any protein products of UL11 due to mutated start codons.
Like pUL11, gM is conserved throughout the Herpesviridae, which also suggests a conserved function. gM has been shown to reduce cell fusion presumably by retention of fusogenic glycoproteins in the Golgi apparatus or efficient retrieval of these proteins from the plasma membrane for PrV, HSV-1, infectious laryngotracheitis virus, EHV-1, and human herpesvirus 8 (8, 20, 25) . However, whereas gM deletion mutants of the mammalian alphaherpesviruses PrV, HSV-1, and EHV-1 are significantly attenuated in animals but exhibit only moderate replication defects in vitro (10, 35, 49) , gM has been reported to be essential for viral replication of the betaherpesvirus HCMV and the avian alphaherpesvirus Marek's disease virus (17, 58) , indicating that the functional significance of gM may differ among herpesviruses.
The replication defect of HSV-1⌬gM described here was comparable to that of PrV-⌬gM, which also showed moderately reduced virus titers (10) and detectable accumulations of nonenveloped virions in the cytoplasm of infected cells (5) . In contrast to the present study, Browne et al. failed to observe increased amounts of naked capsids in the cytoplasm of cells infected with their gM-deleted HSV-1 mutant (6). The apparent discrepancy between the in vitro phenotypes of the two gM-negative HSV-1 mutants might be caused by the different virus strains and cell types used for the experiments. The influence of the cell type on the severity of the defects caused by gM and/or pUL11 deletion is also demonstrated by our studies.
In summary, we show that pUL11 and gM play a common role in secondary envelopment but not in nuclear egress of HSV-1. Both proteins contribute to productive replication and cell-to-cell spread of HSV-1. In fact, similar functions of pUL11 are exhibited in PrV (23), EHV-1 (54), varicella-zoster virus (52) , and HCMV (53) . A contribution of gM to secondary envelopment has been observed for PrV (4), EHV-4 (61), EBV (29) , and HCMV (34) . Both gM and pUL11 represent proteins that are conserved in all herpesvirus families. Our present data demonstrate that these proteins also exhibit conserved functions within the assembly processes of HSV-1 and PrV.
